Abstract. The inter-tube conductance in finite-length double-wall carbon nanotubes with impurities is numerically studied. The conductance remains negligibly small in incommensurate tubes due to cancellation of inter-tube coupling at different sites in the absence of disorder. In the presence of impurities, this cancellation becomes incomplete and the conductance increases with increase of the length.
In double-wall carbon nanotubes the lattice of an outer tube and that of the inner tube is incommensurate [1, 2] and distance between two tubes is about 3.6 Å almost independent of the tube radius [3] . The situation is same in multi-wall nanotubes. Experiments on the electrical transport of an individual multi-wall tube reported ballistic [4] and diffusive transport [5, 6] . Experiments on inter-tube conduction were reported also [7, 8] . Theoretically, negligibly small inter-tube conductance was reported for clean tubes [9, 10] . However, there are few reports on effects of disorders in multi-wall nanotubes [11] . In this paper it is shown that inter-tube transfer of double-wall carbon nanotubes is induced by impurities.
A tight-binding model including only π orbital is used [10] . Intra-tube resonance integral γ 0 between nearest neighbor sites is taken into account. An inter-tube resonance integral is modeled by two hopping integrals V π pp and V σ pp which decay exponentially with distance. Short range impurities are modeled as randomly distributed on-site potentials with density n i . Each potential takes a value +υ or −υ in the same probability. Figure 1 shows illustration of four-terminal doublewall tubes considered in the following. Inter-tube transfer is present only in hatched double-wall regions with length A, while tubes are independent outside the region and connected to reservoirs. The inter-tube conductance for transmission from the left outer tube to the right inner tube, denoted by arrows in Fig. 1 , is considered.
In the followings, results for (2,17)/(8,2) and (4,16)/(4,7) tube where outer tubes are (2,17) and (4,16) and inner ones (8,2) and (4,7) are shown as typical results. Impurities are distributed on outer tubes. Qualitative features of the conductance are independent of the tube structure and impurity parameters. Figure 2 shows length dependence of conductance of (2,17)/(8,2) tube in the absence of impurities. Circles are conductance for tubes with sharp tube edges de- noted by Δ/a = 0 with a being the lattice constant for which inter-tube transfer suddenly appears or disappears at tube edges. First, we note that the conductance is much smaller than the conductance quantum e 2 /πh. For such sharp edges, the conductance drastically changes with slight change of the length. Its average and fluctuation which are not shown here are independent of the length. In order to demonstrate roles of sharp boundaries, intertube transfer near edges is gradually increased or decreased in a range Δ. A result for Δ/a = 1.5 is denoted by squares in Fig. 2 . The conductance is reduced by several order-of-magnitude keeping the qualitative feature unchanged.
This behavior can be understood as follows [10] . The phase of the wave function at K and K' points jumps by an amount ±2π /3 when the position changes by a primitive lattice vector. Because of this rapid phase jump and the quasi-periodic nature due to the incommensurate lattice structure, almost all inter-tube transfers cancel out and remain nonzero only because of an incomplete cancellation due to the presence of sharp edges. The situation is analogous to a series of numbers with alternating signature with an equal absolute value (+1, −1, +1, ···, for example). When the number of terms in the summation increases, such a series does not converge but oscillates with an average and fluctuation independent of the number of the terms. Figure 3 shows the length dependence of ensemble average of conductance for the same tube with impurities. Results for three edges, i.e., Δ/a = 0, 0.5, and 1.5 are shown by circles, crosses, and squares, respectively. For sharp edges, the conductance oscillates around 10 −4 e 2 /πh in nanotubes with length A/a < 10 3 similar to the case in the absence of impurities in Fig. 2 , and starts to increase almost linearly with length for A/a ≈ 10 3 . As edges are smoothed, the conductance for A/a < 10 3 is reduced but that for A/a > 10 3 remains almost the same. It converges to a linear dependence shown by a dotted line for sufficiently large Δ. This conductance arises from inter-tube transfer induced by impurities in the bulk region of the double-wall nanotube. Figure 4 shows the length dependence of averaged conductance for (4,16)/(4,7) tube with smooth edges for two kinds of impurities. Qualitative feature is same as that of the previous case. The two results collapse into a single line when the tube length A/a is measured in units of a dimensionless quantity [n i (υ/γ 0 ) 2 ] −1 characterizing the effective strength of scattering as expected. Preliminary results for long nanotubes show that the intertube conductance becomes maximum when the length exceeds the mean free path.
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